Phosphotriesters are one class of highly toxic synthetic compounds known as organophosphates. Wide spread usage of organophosphates as insecticides as well as nerve agents has lead to numerous efforts to identify enzymes capable of detoxifying them. A wide array of enzymes has been found to have phosphotriesterase activity including phosphotriesterase (PTE), methyl parathion hydrolase (MPH), organophosphorus acid anhydrolase (OPAA), diisopropylfluorophosphatase (DFP), and paraoxonase 1 (PON1). These enzymes differ widely in protein sequence and three-dimensional structure, as well as in catalytic mechanism, but they also share several common features. All of the enzymes identified as phosphotriesterases are metaldependent hydrolases that contain a hydrophobic active site with three discrete binding pockets to accommodate the substrate ester groups. Activation of the substrate phosphorus center is achieved by a direct interaction between the phosphoryl oxygen and a divalent metal in the active site. The mechanistic details of the hydrolytic reaction differ among the various enzymes with both direct attack of a hydroxide as well as covalent catalysis being found.
Introduction
Phosphotriesters are included in the larger group of organophosphates which were first developed during the late 1940s and early 1950s. These highly toxic compounds have found widespread use as insecticides for the protection of agricultural crops. As insecticides, their mode of action is the inhibition of the enzyme acetylcholine esterase causing overstimulation of the nervous system, ultimately resulting in paralysis and finally death [1, 2] . The general chemical structure of the organophosphates is a phosphate center with three ester linkages (Fig. 1A) . Two of the ester linked groups are relatively stable, while the third ester linked group is fairly labile. It is the cleavage of the labile bond in the active site of acetylcholine esterase that leads to the irreversible inhibition. While the positive impact of these compounds on food production and security is hard to over estimate, the toxic effects are not limited to insects. Human exposure to organophosphates is a major hazard with thousands of cases of poisoning reported each year worldwide [2] . While serious efforts have been made to limit the toxicity of the pesticides available, some of the most toxic organophosphates have been developed as nerve agents for military use [3] . Concerns over the health and environmental impact of insecticide usage as well as the continued threat posed by nerve agents has fueled the search for enzymes that can hydrolyze and neutralize organophosphate compounds (Fig. 1B) .
The organophosphate insecticides are primarily phosphotriesters, thiophosphotriesters, or phosphorothiolesters. Phosphotriesters such as paraoxon, contain a phosphate center with three O-linked groups ( Fig. 2A) . Thiophosphotriesters, such as methyl parathion, have the phosphoryl oxygen replaced by sulfur (Fig. 2B) , and in phosphorothiolesters, such as malathion, one or more of the ester oxygens is replaced by a sulfur (Fig. 2C) . A number of insecticides, such as phosmet, contain both a thiophosphate as well as a thiol-ester linkage. The labile group in organophosphate insecticides is most commonly a phenol or a thiol which can be straight chained, branched or aromatic. Insecticides typically have at least two identical ester groups which are small simple alkyl chains giving rise to an achiral phosphorus center. By contrast the nerve agents are all chiral phosphonate compounds with a direct P-CH 3 linkage (Fig 3) . The two best known nerve agents are the G-type, which utilize a fluoride group as the labile bond, and the V-type agents which use a branched thiol.
The organophosphates are an enormous class of compounds with widely varied chemical structures. Despite this structural variation a number of enzymes have been discovered that are capable of hydrolyzing the majority of these compounds. Phosphotriesterases have been identified in numerous bacteria as well as from squid and mammals [4] [5] [6] [7] [8] [9] [10] [11] [12] . The ability to hydrolyze these synthetic compounds is thought to have developed from a promiscuous activity due to physical similarities between the phosphoryl center and transition state of the enzyme's natural reaction [13] . In the case of the bacterial enzymes, the activity is thought to have evolved to take advantage of the organophosphate insecticides in the environment [5, 7] . For many of these enzymes the phosphotriesterase activity appears to be derived from a lactonase function [13] [14] [15] [16] . However, activity has been described for a group of prolidases capable of efficient hydrolysis of fluoride containing organophosphates [9, 17] . The crystal structures of a number of the phosphotriesterases have been solved revealing that this activity can be achieved with numerous protein folds including the TIM-barrel, β-lactamase, "pita-bread," and β-propeller fold [18] [19] [20] [21] [22] [23] . While the enzymes capable of hydrolyzing organophosphates seem nearly as varied as the class of compounds itself, there are some significant similarities. All of the phosphotriesterases are metal-dependent hydrolases. In all of the enzymes there is a requirement for a divalent metal which directly ligates to the substrate to facilitate catalysis [8, 19, 24, 25] . While the protein folds are quite varied, the substrate binding sites are generally hydrophobic and can be divided into three binding pockets where the leaving group and the two other substituents interact to position the phosphorus center for catalysis [19, [22] [23] [26] [27] [28] [29] . The mechanistic details of the reaction differs according to the protein fold and active site structure. The TIM-barrel enzymes and the β-lactamase enzymes are thought to share a catalytic mechanism [19, 30] . The "pita bread" enzymes have a similar mechanism but are proposed to activate the substrates differently [22] , while the β-propeller enzymes are postulated to utilize a covalent catalysis mechanism rather than direct attack by water [29, 31] .
TIM-barrel Fold
The amidohydrolase superfamily enzyme phosphotriesterase (PTE) is the most extensively studied enzyme capable of hydrolyzing organophosphates. PTE was first identified from the bacterium Pseudomonas diminuta and Flavobacterium sp. in parathion contaminated soil [32, 33] . Two other highly similar enzymes have now been identified in the soil bacterium Agrobacterium radiobacter (OpdA) and Chryseobacterium balustinum [10, 34] . All three unique variants of PTE have greater than 90% sequence identity and similar activity profiles [35] . Numerous crystal structures of PTE and OpdA have been solved, and the overall fold has been determined to be a distorted (β/α) 8 or TIM-barrel (Fig. 4A) [18, [35] [36] [37] [38] [39] . This protein fold contains a core barrel of 8 parallel β-strands surrounded by 8 α-helices with the ends of the barrel being formed by the loops connecting one β-strand to the subsequent α-helix. As with all members of the amidohydrolase superfamily, the active site of PTE is located at the C-terminal end of the TIM-barrel [18] . The active site contains a binuclear metal center ligated to residues from the C-terminal ends of the core β-strands with the substrate binding site being made of the loops that form the C-terminal end of the barrel. The more buried α-metal is ligated in a trigonal bipyramidal geometry to the protein by two histidines, H55 and H57, from β-strand 1 and an aspartate (D301) from β-strand 8 (Fig. 4B ) [40, 41] . The more solvent exposed β-metal is ligated by two histidines, one from β-stand 5 (H201) and one from β-strand 6 (H230). The two metals are bridged by a hydroxide and a carboxylated lysine (K169) from β-strand 4. The native metal found in PTE is Zn 2+ , but PTE is fully active with Cd 2+ , Mn 2+ , or Ni 2+ [24] .
The best substrate for PTE is paraoxon. The catalytic efficiency with this substrate approaches the limits of diffusion, but the substrate specificity of PTE is extraordinarily large [35, [42] [43] [44] [45] [46] [47] [48] . PTE is specific for triesters with very little diesterase activity [49] . However, PTE will readily hydrolyze phosphonate and phosphinate compounds in addition to the phosphate esters [43] . PTE is able to hydrolyze many insecticides including phosphotriesters, thiophosphotriesters, and phosphorothioesters [35, 45, 46, [50] [51] [52] . PTE is most efficient at hydrolyzing substrates with electron withdrawing phenolic leaving groups [53] , but PTE will also cleave thiol linkages and halide bonds [44, 53] . This remarkably broad specificity is thought to be due to the non-specific nature of the substrate binding site. The three ester groups of the substrate interact with three hydrophobic pockets on the surface of the enzyme [36] . The leaving group pocket is made up by residues W131, F132, F306, and Y309 (Fig. 4C ). Kinetic studies with mutant forms of PTE have verified that these residues largely dictate the enzyme specificity for the leaving group [26] . The two other ester groups interact with the large and small pockets. The large pocket is made up of residues H254, H257, L271, and M317, while the small pocket is made up of G60, I106, L303 and S308. The large and small pockets have been shown to determine the specificity for the side ester groups on the substrate including the stereochemical preference for chiral phosphorus centers [26] . The wild-type enzyme prefers the S P enantiomers for most phosphate substrates with the stereochemical selectivity increasing with the difference in size between the side groups [54] . For the compounds 1 and 3 PTE prefers the S P enantiomer over the R P enantiomer by 130-and 78,000-fold, respectively (Fig. 5) [43, 54] . The same pattern is seen with the phosphonate compounds, however, due to a reversal in priority of the groups the corresponding chirality is R P [43, 55] . Wild type PTE prefers the R P enantiomer of compound 2 by 20:1 and the R P enantiomer of compound 4 by 760:1 (Fig.  5) [55, 56] . It has been shown that the stereochemical selectivity of PTE can be enhanced, diminished, or reversed by modulation of the large and small pockets [57] . Shrinking the small pocket by the mutation G60A increases the enantiomeric selectivity for the R P enantiomer of compound 4 from ~760-fold to 23,000-fold [55] . Mutation of the large pocket residues in the variant H254Q/H257F reduced the selectivity to ~ 6:1. Simultaneous alteration to both the large and small pocket with the mutations H254G/H257W/L303T reverses the selectivity so that the S P enantiomer is preferred by 100-fold. The ability to manipulate the enantiomeric preference along with the high levels of selectivity that can be achieved has made PTE a valuable enzymatic tool for the isolation of enantiomerically pure compounds and selective degradation of enantiomers [55] [56] [57] [58] [59] [60] [61] . Similarly, the detailed structural information available for PTE has allowed for directed evolution to enhance the activity against the G-type and V-type nerve agents as well as numerous insecticides [35,43,44,48,50-52-55,56,60,62] . These approaches have yielded variants of PTE enhanced for the most toxic enantiomers of GB and GD by over 2 orders-of-magnitude and approximately 25-fold for VX [52, 55, 62] . Activity against the insecticides chlorpyrifos, methyl parathion, and malathion have been enhanced 755-, 25-, and 77-fold respectively [50] [51] [52] .
The proposed catalytic mechanism of PTE is shown in Figure 6 [30] . A combination of structural, labeling, kinetic, and physical methods have been employed to probe the various parts of the mechanism. The nature of the chemical reaction catalyzed by PTE was established utilizing 18 O labeled water to demonstrate that the nucleophilic attack is directed at the phosphorus center rather than at the leaving group [63] . The same study demonstrated that there is an inversion of stereochemistry at the phosphorus center by analyzing the products of hydrolysis using O-ethyl O-(4-nitrophenyl) phenylphosphonothioate (ESP). ESP is a chiral substrate for PTE that yields a chiral hydrolysis product, and the inversion of stereochemistry indicates a direct attack by water on the substrate rather than a covalent enzyme bound intermediate.
The presence of a hydroxide or water bridge between the metals is clearly seen in the X-ray structure of the PTE active site [36, 40] . Probing the binuclear center of the Mn 2+ containing enzyme with EPR demonstrated hyperfine splitting of the Mn 2+ signal [64] . The coupling of the metal center was found to depend on pH with the protonation of the bridging hydroxyl resulting in a loss of coupling. Kinetic pH rate profiles of PTE demonstrate that a single group must be deprotonated for the reaction to take place with a catalytic pK a of ~6 which was found to match the pK a for protonation of the bridging hydroxide, thus confirming the bridging hydroxide as the attacking nucleophile [24, 64] .
Structural studies with Co 2+ containing OpdA found an octahedral α-metal site with an additional water bound to the metal [38] . The α-bound water could potentially serve as the attacking nucleophile with the bridging hydroxyl acting as a general base. However, more recent work by the same group used magnetic circular dichroism to spectroscopically demonstrate that the α-metal is in a trigonal bipyramidal geometry in the resting state and during the course of the reaction with a slow substrate [64] . The direct probe of the metal site shows the ligation state of the α-metal unchanged between the resting state and the catalytically active state with substrate not inducing the switch to the octahedral geometry seen in the crystal structure. Analysis of the pH dependence of the reaction of Co 2+ containing OpdA found that the pK a of the α-bound water was out of range for it to be deprotonated in the reaction, further confirming that the bridging hydroxide is the nucleophile [66] .
The direct ligation of the substrate to the metal center during the course of the reaction has been observed structurally and verified by both EPR spectroscopy using the Mn 2+ enzyme as well as by analysis of the transition state using Brønsted analysis and kinetic isotope effects. EPR studies on the coupled metal system demonstrate a substantial shift in the coupling from a hyperfine splitting at g = 2.2 to a hyperfine splitting at g = 4.3 on the addition of substrate analogs [66] . The shift in splitting to g = 4.3 is likely due to a transition allowed by a reduction of symmetry between the metals by the ligation of substrate to the metal center, presumably at the β-metal. Brønsted analysis using a series of paraoxon analogs was conducted to probe the transition state of the mechanism [53] . It was found that leaving groups with pK a values >8 give a linear relationship indicating that the chemistry is fully rate limiting with these substrates. The β Lg value of −2.2 indicates a late transition state. Comparing the effects of an oxo vs. thiol phosphates on the transition state with Zn 2+ , Cd 2+ , or Mn 2+ containing enzyme further supported the direct ligation of the substrate to the metal. The β Lg value is similar for the oxo (−2.2) and thiol (−2.0) series with Zn 2+ at the active site, but when the metal is substituted for Cd 2+ the values are −3.0 for oxo-substrates and −1.4 for thiol-substrates. The softer Cd 2+ chelates the softer thiols more strongly and causes a shift to an earlier transition state for the thiol substrates. Similarly, for the harder metal, Mn 2+ , the transition state for the thiol comes later than that of oxo substrates as indicated by β Lg values of −3.2 and −4.3 respectively. Similar results have been obtained by measurement of the primary and secondary 18 O kinetic isotope effects on the hydrolysis of paraoxon and O,O-diethyl O-(4-carbamoylphenyl) phosphate [68] . As observed with the Brønsted analysis, the primary isotope effects indicate an associative mechanism with a pentavalent transition state coming late compared to chemical hydrolysis. For O,O-diethyl O-(4-carbamoylphenyl) phosphate the maximal primary 18 O isotope effect is expected to be 1.039 which corresponds to complete bond cleavage in the transition state. The experimentally observed effect of 1.036 indicates that for this substrate the cleavage of the leaving group is nearly complete in the transition state. Alkaline hydrolysis gave a smaller primary isotope effect of 1.027 which indicates that the enzymatic reaction has a later transition state. Labeling the substrate at the phosphoryl oxygen gives secondary isotope effects which report on the bond order between the oxygen and phosphorus with a maximal value of 1.04 for a change of bond order from 2 to 1. The measured secondary effect for alkaline hydrolysis of 1.02 indicates a bond order of approximately 1.4 in the transition state. The secondary isotope effect for the enzymatic reaction is diminished to 1.0144 indicating a bond order of 1.53 probably due to the interaction with the metal [68] .
Crystal structures of PTE show hydrogen bonding between the bridging hydroxide and D301 supporting the role of D301 as the species that deprotonates the hydroxyl as the nucleophilic attack takes place [30, 40] . D301 serves as a metal ligand making establishing other roles difficult, but the proton is proposed to be shuttled to the solvent through D233 [30] . Mutation of D233 to either alanine or asparagine substantially slows the reaction with paraoxon consistent with the loss of the proton shuttle. However, these mutations substantially increase the rate with the substrate analog diethyl, p-chlorophenylphosphate. This analog contains the relatively poor leaving group p-chlorophenol. While the disruption of the proton shuttle slows fast reactions, the trapped proton is apparently able to protonate the poor leaving group and speed the reaction.
The proposed dissociation of the hydroxide from the β-metal during the course of the reaction is supported by EPR and structural data. EPR experiments with substrate analogs bound to the active site show a decoupled mononuclear signal at g = 2 and g = 3.8 [67] . While a fraction of the enzymes maintains a coupled metal system, a portion of the enzyme sample undergoes a decoupling of the system indicating the dissociation of the hydroxide form the β-metal. This decoupling is dependent on the binding of the substrate analog and does not occur in the resting enzyme. The binding of the product diethylphosphate results in a complete loss of coupling in agreement with the proposed bidentate binding mode of the product. While EPR cannot rule out the existence of the hydroxide in the enzyme/product complex, the crystal structures of enzyme/product complex of both PTE and OpdA clearly show the presence of diethylphosphate (PTE and OpdA) or diethylthiophosphate (OpdA) bound in a bidentate manner [37] [38] [39] .
The mechanism of paraoxon hydrolysis has been probed computationally by a number of groups employing different levels of theory and including more or less of the protein structure into the simulations. A high level density functional theory (DFT) simulation involving only the bridging hydroxide, metals and protein side chains that ligate the metals predicted a two transition state system with a high energy intermediate [69] . The first transition state is predicted to involve the binding of the substrate and a distortion of the phosphorus center to bring the phosphorus center into proximity of the hydroxide. The intermediate is predicted to be the pentavalent species. In the second transition state the hydroxide proton is transferred to D301, and the bond to the leaving group breaks. The overall energy of activation calculated by DFT simulations for the hydrolysis of paraoxon was between 10.5 and 13.3 kcal/mol which compares favorably to the 12.8 kcal/mol found experimentally [70] .
Two studies have utilized quantum mechanical/molecular mechanical (QM/MM) simulations including the entire protein as well as active site waters and a water shell [70, 71] . The first study predicted a single transition state, but reported a transition state plateau in the reaction coordinate similar in nature to the intermediate state of the DFT study [69, 70] . In the predicted transition state the phosphorus is brought into proximity to the hydroxide while the bond to the leaving group is lengthened and the bonds between the hydroxyl and both metals are dissociated. These simulations predict a solvent water replacing the hydroxide as the α-metal ligand as catalysis takes place. The predicted enzyme/product complex has the new α-bound water molecule form an H-bond to the hydroxyl now attached to the phosphorus center. The simulations support some of the observed kinetic experiments [53, 68] , but there is no bidentate binding mode for the product observed in the crystal structure [37] . While this proposed mechanism was attractive because it avoids a strongly bound product, no crystal structures have been obtained with a monodentate product.
The later QM/MM study was published utilizing reoptimized parameters to describe the phosphorus atom and Zn 2+ ions [71] . The result is a prediction of a series of discreet transition steps and intermediates that describe all steps of the reaction from substrate binding to hydrolysis and finally product release. The reoptimized parameters eliminated the need for the breaking of the bond between the hydroxide and the metals as the hydrolytic chemistry takes place, and the prediction is for the bidentate product as observed in the crystal structures. The most interesting prediction of this study was that the highest energy barrier along the reaction pathway was for the distortion of the phosphorus center which must occur to bring it into proximity to the hydroxide. This transition state was similar to the first transition state seen in the DFT simulations and may help to explain why the bond length between the β-metal and substrate analogs in crystal structures is longer than typical coordinate bonds [36, 69] . The reoptimized QM/MM simulations also suggest a substantial barrier to the release of the diethylphosphate product. While qualitatively the QM/MM simulations seem to have identified many of the key characteristics of the PTE catalyzed hydrolysis of paraoxon, the validity of the predictions from QM/MM simulations remains somewhat suspect due to the significant disparity between the calculated energies of activation and the experimentally observed kinetics. The first QM/MM study calculated the minimum energy of activation to be 18.3 kcal/mol while the latter found the energy of activation to be 18.7 kcal/mol both of which are significantly higher than the 12.8 kcal/mol measured experimentally [70, 71] .
β-lactamase Fold
The enzyme methyl parathion hydrolase (MPH) has been identified in three bacterial species that are able to use the insecticide methyl parathion as their sole source of carbon and nitrogen [5] [6] [7] . These organisms were identified separately from organophosphate contaminated soils, but the sequenced genes show a remarkably high similarity. While the enzymes were initially suspected to be related to PTE, the sequences showed no relationship [5] . The structure of the methyl parathion hydrolase form Pseudomonas sp. WBC3 was solved, and it revealed that MPH has a β-lactamase fold rather than the TIM-barrel fold [19] . Each monomer in the dimeric enzyme interact as an αβ/βα sandwich, typical of the β-lactamase fold (Fig.7A) . Despite the dissimilar sequence and protein fold, the active site of MPH shares common features with PTE. The active site is made up of three hydrophobic pockets. Molecular modeling studies have predicted the leaving group would interact with a pocket made up of resides F119, W179, and F196 (Fig. 7C) [19] . Mutation of any of these residues to alanine led to a substantial loss of activity. One of the additional pockets is lined by residues R72, L258, and L273 while the other is lined by L65 and L67.
The binuclear metal sites of PTE and the MPH are very similar though there are differences in the ligation patterns [19] . The α-metal in MPH is ligated by two histidines (H152 and H302) and by aspartate-151 (Fig. 7B) . As in PTE the binuclear center is bridged by a carboxylate ligand (D255) as well as a bridging hydroxide. However, unlike PTE, the carboxylate bridge ligates both the α-and β-metals with a single oxygen while the other carboxylate oxygen functions as an additional ligand to the α-metal. The presence of the additional ligand makes the geometry of the α-site octahedral rather than the trigonal bipyramidal seen in PTE. The β-metal of MPH has an octahedral geometry due to an additional histidine ligand (H147, H149, H234) along with the two bridging ligands.
No mechanistic work and only limited kinetic characterization has been done with MPH. However, the strong similarity between the active sites and metal centers, including the presence of the bridging hydroxide, it is believed that the catalytic mechanism is the same as the one for PTE (Fig 6) . This notion is supported in the finding that MPH has extremely high activity for the insecticide methyl parathion (k cat /K m ~10 6 M −1 s −1 ) and is the only enzyme aside from PTE to display this level of activity against compounds with a pnitrophenol leaving group [19] .
Pita Bread Fold
The next class of enzymes with phosphotriesterase activity is the bacterial prolidases. The best characterized enzyme is the organophosphate acid anhydrase (OPAA) from Alteromonas sp. [8] . The related enzyme aminopeptidase P (AMPP) from E. coli has been shown to have some phosphotriesterase activity [72] . The functional oligomeric state of the enzyme is a tetramer that is best described as a dimer of dimers [17, 22] . Each subunit of the dimer contains a globular N-terminal domain and a C-terminal domain with a "pita bread" fold ( Fig. 8A) [22] . The C-terminal domain contains the binuclear Mn 2+ site in the central cleft of the fold. The more solvent exposed A-metal ligated to H336 and E381 (Fig. 8B ) [22] . The B-metal is ligated in a bidentate fashion to D244, and the two metals are bridged by two additional carboxylate ligands, E420 and D255. Structures of OPAA have been solved as enzyme/product complexes and show the metals bridge an oxygen from the product. It is presumed that the metal center in the resting state will be bridged by a hydroxide. The structure of AMPP, which has an identical metal site was solved without product bound, and the bridging hydroxide is unambiguously seen [17] .
The native activity of OPAA and AMPP appears to be the degradation of proline containing peptides generated during the break down of collagen-like proteins [9, 72] . OPAA has been demonstrated to be a prolidase with activity specific for dipeptides with proline as the second residue [9] . AMPP has been shown to cleave dipeptides, but has an order-ofmagnitude better activity with tripeptides containing proline as the second residue [73, 74] . Interestingly, the activity of OPAA is reported to be ~5-fold higher against fluoride containing phosphotriesters than it is against dipeptide substrates [9] . The best substrate reported is the nerve agent GD with a k cat of ~3000 s −1 [9] . OPAA also catalyzes the hydrolysis of nerve agent analogs containing a p-nitrophenol leaving group, though with rates nearly two orders-of-magnitude slower [75, 76] .
Like the other phosphotriesterases, the substrate binding site in OPAA is comprised of three pockets: the small pocket, the large pocket and the leaving group pocket (Fig 8C) [22] . The small pocket is lined by residues Y212, V342, H343 and capped by D45' from the Nterminal domain of the opposite subunit in the dimer. The large pocket is lined by residues L225, H226, H332, R418 and capped by W89' from the other subunit. The leaving group pocket is very small by comparison to other phosphotriesterase enzymes and is mainly made up of F292 and L366. In addition to being part of the small pocket, H343 forms a hydrogen bond with the free phosphoryl oxygen helping to position the substrate for catalysis. The stereoselectivity of OPAA is for the R P enantiomers of methyl phosphonates with selectivity of better than 1000-fold with analogs of GD [76] . To date, no systematic analysis of active site residues has been done, but the large preference for the fluoride leaving group is thought to be in part a consequence to the small leaving group site.
Despite AMPP having at least an order of magnitude less activity against organophosphates, the similar active sites and identical metal centers lead to the expectation that the chemical mechanism for organophosphate cleavage by OPAA and AMPP is the same [17, 22, 72, 75] . The proposed chemical mechanism of OPAA shown in Figure 9 is similar to that of PTE but with some significant differences [22] . The most complete mechanistic study reported was carried out using AMPP with p-nitrophenol containing methyl phosphonates to specifically address the phosphotriesterase reaction [77] . As with PTE, mass spectroscopy analysis of the products from the reaction in 18 O labeled water resulted in the label appearing on the phosphorus product confirming the nucleophilic attack comes at the phosphorus center. NMR analysis of the products from the hydrolysis of a chiral thiophosphonate demonstrate an inversion of stereochemistry at the phosphorus center indicating a direct attack by the bridging hydroxide rather than a covalent intermediate. The most significant difference in the proposed mechanisms for PTE and OPAA is in the initial binding of the substrate [22] . Structural evidence shows that the free phosphoryl oxygen binds to the more solvent exposed A-metal of OPAA, and the ester oxygen extending to the small pocket ligates to the B-metal. The bidentate ligation of the substrate is proposed to allow the hydroxide to attack the phosphorus center without dissociation from one of the metals. The leaving group is expelled, and the phosphoryl product is bound in a tridentate manner. This tridentate ligation of product is not observed in PTE, but has been observed in crystal structures of OPAA with an organophosphate analog and is analogous to the proposed ligation with the natural peptide substrates of AMPP [22, 74] . The substrate profile of OPAA makes the mechanistic importance of the interaction between the ester oxygen and the B-metal somewhat uncertain. Studies with nerve agent analogs found the best analog substrate for OPAA is the R P S C phosphonate analog of GD [76] . This compound has a methyl group directly linked to the phosphorus center which precludes the interaction with the B-metal when the larger side group extends into the large pocket. However, experiments with methylphosphonate and Omethyl phosphate analogs of GB demonstrated that the selectivity varies dramatically when the ester oxygen is present [75, 76] . The S P enantiomer of compound 1 (Fig. 5) can bind with the larger ester group extending into the large pocket while the ligation of the B-metal by the opposing ester oxygen is still possible. The enantiomers of compound 1 differ by an order of magnitude in k cat and have a selectivity of 23-fold [75] . By contrast, the phosphonate compound 2 (Fig. 5) lacking the ester oxygen on the small group gives only 2-fold selectivity for the R P enantiomer indicating that while not strictly required the ligation to the B-metal may indeed be important for catalysis [75] .
β-Propeller Fold
The mammalian serum paraoxonase (PON1) and squid diisopropylfluorophosphatase (DFPase) make up the final class of enzymes known to function as phosphotriesterases [11, 12] . The X-ray structure of DFPase was solved to 0.85 Å with the wild-type enzyme, but the structure of PON1 could only be solved using an evolved variant with kinetic constants similar to the wild-type enzyme [20, 78, 79] . DFPase and PON1 are calcium containing hydrolases with a 6-bladed β-propeller fold (Fig. 10A and 11A) [20, 23] . Each propeller is made of 4 pleated β-sheets, while the two calcium ions are located in a central water filled core. The more deeply buried calcium is commonly referred to as the structural calcium and is required for maintaining the fold of the enzyme, but is not proposed to play any role in catalysis [25, 80] . It is ligated to the protein by a backbone carbonyl group and by two amino acid side chains, D232 and H274 in the case of DFPase, or D169 and D54 in PON1 (Fig. 10B and 11B) [21, 23] . Additionally, the structural calcium is ligated to three ordered waters and functions to anchor an extended structural water network in the core of the protein fold. The more solvent exposed calcium, known as the catalytic calcium, serves to facilitate the hydrolytic reaction. In DFPase the catalytic calcium is ligated by D229, E21, N120 and N175 (Fig. 10B) [21] . Two waters from the central core ligate the catalytic calcium from below the active site while a third water was found ligated to the metal in the substrate binding site. Similarly, the catalytic calcium of PON1 is bound by D269 and E53, but PON1 has three asparagine ligands (N168, N224, and N270) to the catalytic calcium with the third asparagine ligand replacing one of the ordered waters from the core of the enzyme (Fig. 11B) [23] . The structure of PON1 was solved with a phosphate ligated to the calcium suggesting that, like the other phosphotriesterases, the mechanism proceeds via a direct interaction between the catalytic metal and the substrate [23] . Despite relatively little sequence homology, the overall fold of DFPase and PON1 are quite similar. The major deviation between the structures of the two enzymes is the presence of two additional α-helixes in PON1 that are thought to anchor it to high density lipoprotein (HDL) complex in vivo [23] . These additional helices sit above and cap the active site resulting in a much more enclosed active site in PON1 compared to that of DFPase ( Fig. 11A and C) .
The native activities of DFPase and PON1 remain unclear. DFPase is found in the central nervous system of the squid where its role is not understood due to its strong preference for the hydrolysis of P-F or P-CN bonds which are not found in natural compounds [11, 81, 82] . PON1 is thought to serve in a protective role against lipid oxidation as part of the HDL particles of mammalian blood [83] . The native function is proposed to be a lactonase which serves to hydrolyze long chain fatty acid lactones which are generated by oxidation of lipids [16, 83] .
The substrate specificity of both PON1 and DFPase have been examined. DFPase will readily hydrolyze the fluoride containing diisopropylfluorophosphate as well as the nerve agents GB, GD and GF, in addition to the cyanide containing nerve agent tabun [81] . DFPase was initially only found to hydrolyze P-F and P-CN bonds and to be inert toward P-O or P-S bonds. However some more recent reports have found an extremely limited ability to hydrolyze P-O bonds in a GD analog with a coumarin leaving group [82] . PON1 has a much broader substrate specificity being able to hydrolyze γ-and δ-lactones, various arylesters as well as a wide variety of organophosphates [16] . Among the organophosphates hydrolyzed by PON1 are the nerve agents GB, GD, GF, tabun, VX and the insecticide paraoxon and the oxo forms of diazinon and chlorpyrifos [84] [85] [86] [87] [88] [89] .
In DFPase the active site is described as a hydrophobic cleft with the catalytic calcium centrally located at the bottom of the cleft [21, 28, 31] . The cleft is lined to one side of the calcium by W244, T195, F173 and M148 (Fig. 10C) [29] . The other side of the cleft is lined by residues Y144, M90, I72, and E37. Residues R146 and H287 appear opposite each other and fill in the central gap in the cleft. Site directed mutants of DFPase with chiral nerve agents have been used to confirm the importance of these residues in defining the substrate specificity of DFPase [28, 90] . The wild-type DFPase prefers the R P enantiomer of GF over the S P enantiomer by a ratio of 50:1 [90] . In order to bind for catalysis, the compounds must position their ester groups extending toward opposite sides of the active site cleft. The variant E37A/Y144A/R146A/T195M which was predicted to shrink the T195 side of the cleft, where the large side substituent of the R P enantiomer must bind, and simultaneously expand the Y144 side of the cleft, where the larger group on the S P enantiomer binds, was found to reverse the stereoselectivity of DFPase with the mutant preferring the S P enantiomer by a ratio of 5:1 [90] . The mutant E37D/Y144A/R146A/T195M, which failed to fully expand the Y144 side of the cleft, was shown have little selectivity for GF mainly due to a decrease in activity against the R P enantiomer without an increase for the S P enantiomer.
The presence of the capping α-helices in PON1 makes the active site significantly more restricted [23] . The binding site can be divided into three regions. The large side pocket is an extended cavity lined by residues Y71, H115, H134, S137, S166, D183, H184, and K192 (Fig. 11C) [23, 85, 91] . There is a central pocket which is lined by residues S193, M196, F222, F292, and F293. Finally, there is a small side pocket which is lined by residues L69, L240, H285, I291, I332, V346 and F347. Residues 192, 193, and 196 are contributed by α-helix 2 while residues 292 and 293 are from α-helix 3, neither of which is present in DFPase. One of the more unique facets of the PON1 enzyme is its ability to catalyze multiple types of reactions [16] . Kinetic analysis of mutant enzymes has revealed that the active site residues do not contribute equally to the different types of reactions. It has been shown that H115 and H134 are absolutely required for lactonase activity, but H115W is more active as a phosphotriesterase than the wild-type enzyme [23, 92, 93] . Similarly, mutations to reposition F292 significantly diminished phosphotriesterase and lactonase activity but have very little effect on esterase activity [23] . The active site residues L69, H115, and H184 from the large side pocket, F222 and F292 from the central pocket and residues, H285 and V346 from the small pocket appear most important for phosphotriesterase activity [23, 85, 91] . Directed evolution of the active site of PON1 has yielded improved activity against the nerve agents GD, GF and VX [85, 86, 88] . With GF, the activity against the most toxic enantiomer was improved more than 2-orders of magnitude tõ 10 5 M −1 s −1 [86] .
The proposed mechanism for phosphotriester cleavage by PON1 and DFPase shown in Figure 12 is unique among the phosphotriesterases in that only a single active site metal is employed and the mechanism proceeds through a covalent enzyme bound intermediate [21, 29, 31] . The mechanistic work that has been done on DFPase and PON1 is limited in scope, and the proposed mechanism is mainly based on the structures of the enzymes. pH profiles for both enzymes indicate that a single group must be deprotonated with a pKa of 7 [23, 94] . The initial supposition was for a simple attack by an activated water or hydroxide as observed in PTE. This notion was supported by the finding of a presumptive catalytic base H287 in DFPase and a catalytic diad H115 and H134 in PON1 [23, 95] . It was proposed that the catalytic base deprotonated a water allowing nucleophilic attack to occur. While this mechanism appears to be correct for the lactonase and esterase activity of PON1 [92, 93] , in both DFPase and PON1, the presumed catalytic base is not required for phosphotriesterase activity [23, 28, 92, 93] . In DFPase, substitution of H287 for a leucine or a phenylalanine resulted in a less than two-fold loss of activity while in PON1 substitution of H115W resulted in a 2-fold improvement in activity against paraoxon. The crystal structure of DFPase in complex with a slow substrate analog revealed that the leaving group was oriented toward the presumptive base while the phosphorus center was aligned for a backside attack by the carboxyl group of residue D229 [29] . Aspartate-229 is one of the calcium binding residues, but a role as the attacking nucleophile generating a high energy phosphoacyl intermediate was unexpected. Evidence for the phosphoacyl enzyme intermediate has been provided by 18 O labeling experiments with DFPase under single turnover conditions [29, 31] . These experiments have demonstrated that the oxygen found in the product comes from the carboxyl group of D229 rather than solvent. The carboxyl oxygen is found to be exchanged with a solvent oxygen during the course of the reaction indicating that the hydrolysis of the enzyme-bound intermediate comes via attack at the carboxylate rather than at the phosphorus center. In PON1 the catalytic aspartate is D269, and numerous molecular modeling studies have shown that substrates align well for nucleophilic attack by the carboxylate oxygen [29, 82] . The relatively high turnover numbers for DFPase and PON1 with fluoride leaving groups both indicate that an activated water is needed to cleave the intermediate, but current structural information does not indicate how the water is activated. Brønsted analysis for PON1 using paraoxon analogs give a β LG value of −1.6 for leaving groups with a pK a > 7 [16] . The large negative value indicates that cleavage of the leaving group is fully rate limiting for these substrates and that the transition state is very product-like. Current evidence indicates that the initial cleavage of the leaving group is rate limiting and that the cleavage of the acyl intermediate is relatively fast, though how that is achieved is yet to be determined [21, 29, 31] .
Concluding Comments
The organophosphates encompass a very broad group of structurally related compounds. The toxicity of these compounds has fueled a search for enzymes that are able to hydrolyze them [1, 2] . It is somewhat surprising to find enzymes in nature that can hydrolyze these relatively new, synthetic compounds, but the phosphotriesterase activity is found in widely varied organisms, many of which would not be expected to encounter organophosphates in their native environments [4] [5] [6] [7] [8] [9] [10] [11] [12] . While the enzymes that posses phosphotriesterase activity are widely varied and utilize completely different protein scaffolds and even different catalytic mechanisms, they are all metal dependent hydrolases with hydrophobic active sites [18] [19] [20] [21] [22] [23] [29] [30] [31] . Chemical structures for the individual enantiomers of chiral organophosphate nerve agents GB (sarin), GD (soman), GF (cyclosarin) and VX as well as the achiral analog DFP. Chiral phosphorus centers are drawn as Fischer projections. The Additional stereo-center in GD is drawn in standard stereochemical convention. Crystal structure of PTE (pdb. 1dpm). A) TIM-Barrel fold of PTE shown with core α-helices in orange, core β-strands shown in green, N-terminal loops shown in grey, and Cterminal loops shown in red. Metals in active site are shown as spheres, and the metal ligating side chains shown as sticks. B) Metal binding site of PTE. C) Substrate binding pockets of PTE. Leaving group pocket residues W131, F132, F306, and Y309 are shown in yellow. Large group pocket residues H254, H257, L271, M317 are shown in purple. Small group pocket residues G60, I106, L303, and S308 are shown in red. Chemical structures of enantiomers of chiral phosphate and phosphonate nerve agent analogs for GB and GF. Chiral phosphorus centers are drawn as Fischer projections. Crystal structure of MPH (pdb. 1p9e). A) αβ/βα structure of monomer shown with central β-strands in red and the sandwiching α-helices shown in blue. Metals at active site are shown as spheres and ligating residues shown as sticks. B) Metal site shown with the smaller Zn 2+ in α-site and the larger Cd 2+ in the β-site. C) Substrate binding pockets of MPH. Leaving group pocket residues are shown in yellow. Side pockets are shown in purple and red. Proposed catalytic mechanism for OPAA cleavage of phosphotriesters. L is leaving group which can be fluoride, or p-nitrophenol. R is an ester or methyl group. Crystal structure of DFPase (pdb 2gvv). Catalytic calcium is shown in blue while structural calcium is shown in green. A) Top down view of DFPase showing the 6 bladed β-propeller structure. B) Metal center ligation of DFPase. C) Substrate binding site in DFPase. Side pocket residues Y144, M90, I72 and E37 are shown in red. In purple are W244, T195, F173, and M148 from the second side pocket. The central cleft residues R146 and H287 are shown in yellow. Catalytic aspartate is labeled. Crystal structure of PON1 (pdb. 1v04). A) Side view of β-propeller fold with HDL anchoring helices extending above. Catalytic calcium shown in blue, structural calcium shown in green, and ligating residues shown as sticks. B) Metal centers and ligating residues of PON1. Catalytic calcium is blue structural calcium is green. C) Substrate binding pockets of PON1. Large group pocket residues are colored red. Small group pocket is colored purple, and leaving group pocket is colored yellow. Catalytic aspartate (D269) and residues known to be important for the phosphotriesterase reaction are labeled. Proposed catalytic mechanism for phosphotriesterase reaction catalyzed by PON1 and DFPase. R is ester linked alcohol group or a methyl group. L is leaving group which is fluoride for DFPase or for PON1 a fluoride, a phenol, or a thiol.
